The projected future behavior of the South Asian summer monsoon (SASM) is analyzed for the 720-ppm stabilization experiments [Special Report on Emissions Scenarios (SRES) A1B] of phase 3 of the Coupled Model Intercomparison Project (CMIP3) simulations. The multimodel ensemble collectively exhibits a clear tendency for weakening SASM circulation and strengthening SASM precipitation during the twenty-first century. These tendencies are consistent, moreover, among multiple realizations for the same model where available.
Introduction
In part because of its socioeconomic relevance, the possible future response of the South Asian summer monsoon (SASM) to anthropogenic forcing has been the subject of a number of previous climate-modeling studies. Yet there is no clear consensus among past studies regarding the projected changes in SASM circulation and SASM-related precipitation.
Different dynamical measures used to define the SASM circulation may have different trends in response to global warming. Dynamical monsoon indices based on vertical shear of the zonal wind (Webster and Yang index; Webster and Yang 1992) and horizontal shear of the zonal wind (the Indian monsoon index; Wang et al. 2001 ) indicate a weakening of the large-scale monsoon circulation, whereas the long-term trend of an index based instead on vertical shear of the meridional wind (Monsoon Hadley index; Goswami et al. 1999 ) in response to global warming is model dependent (Douville et al. 2000; Ashrit et al. 2003; Krishna Kumar et al. 2011) . Douville et al. (2000) found a large spread among four atmospheric GCMs in the response of Indian summer monsoon precipitation to greenhouse gas forcing. Most studies, however, suggest increased SASM precipitation in response to greenhouse gas forcing (Meehl and Washington 1993; Bhaskaran et al. 1995; Kitoh et al. 1997; Hu et al. 2000; Lal et al. 2000; Meehl and Arblaster 2003; May 2002 May , 2004 Dairaku and Emori 2006; Meehl et al. 2007 ). Even when the additional, mitigating impact of sulfate aerosol forcing is accounted for, analyses of two transient climate change simulations by Ashrit et al. (2003) support an increase in monsoonal precipitation over India in response to anthropogenic climate forcing.
While some earlier studies attributed the projected increase in monsoon precipitation to the strengthened land-sea thermal gradient (Meehl and Washington 1993) , more recent studies suggest that the enhanced atmospheric water vapor content with warming plays a far more prominent role (Douville et al. 2000; Ashrit et al. 2003) . May (2004) suggested that increased atmospheric moisture flux into the South Asian region is responsible for the intensified future SASM rainfall under greenhouse warming. Ueda et al. (2006) also emphasized the role of the enhancement of moisture over the Indian Ocean source region and increased moisture transport into South Asia (SA).
One plausible explanation for increased monsoonal precipitation despite a weakening monsoonal circulation is the decoupling of thermodynamic and dynamic responses. In other words, the ''thermodynamic'' impact of increased precipitable water in a warmer atmosphere, rather than a ''dynamical'' response related to the strength of monsoon circulation, may be the primary factor behind increased monsoonal precipitation (Ashrit et al. 2003) . By analyzing the contributions of the dynamic and thermodynamic components separately, Dairaku and Emori (2006) concluded that the thermodynamic changes are the primary factor in enhancing the daily mean SASM precipitation in global warming scenarios. Using the multimodel ensemble, Krishna Kumar et al. (2011) also considered thermodynamic effects rather than monsoonal circulation effects to be the principal reason for the overall increase in Indian monsoon rainfall in response to greenhouse gas forcing.
In the present study, we have analyzed projected future changes in the SASM in response to anthropogenic greenhouse gas increases in phase 3 of the Coupled Model Intercomparison Project (CMIP3) multimodel ensemble of climate model simulations. This study is a continuation and extension of Fan et al. (2010) , which analyzed the historical behavior [climate of the twentiethcentury experiment (20C3M)] in the CMIP3 multimodel simulations. Here, the SASM behavior is analyzed in the same set of climate models, but for the twenty-first century simulations of the response to the A1B greenhouse gas emission scenario. The primary purpose of this study is to better understand the factors governing projected changes in SASM circulation and precipitation under future greenhouse forcing. In particular, we seek to establish the relative role of different contributions (e.g., diabatic heating versus dry static stability) to the governing energy balance, and to compare the energetics governing projected climate change with that which governs interannual variability.
In section 2, we review the so-called wind-precipitation paradox to explain the potential decoupling of the SASM circulation and precipitation and introduce a framework based on the thermodynamic energy equation for understanding the underlying energy and heat balance. In section 3, we briefly describe the models, experiments, and general procedures applied for studying projected future changes in the SASM. In section 4, we assess the projected twenty-first-century trends in the SASM circulation and precipitation, analyze the dynamical consistency of the models' response, and interpret the responses in the context of the thermodynamic energy budget for a select subset of simulations. We also examine the relationship between projected changes in the El Niñ o-Southern Oscillation (ENSO) and changes in the SASM. In section 5, we summarize the main conclusions of the study.
Background
a. Competing effects of diabatic heating and dry static stability
Neglecting nonlinear terms, the traditional omega equation in isobaric coordinates, as derived from the vorticity and thermodynamic equations, can be written as
where v (Pa s
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As discussed in Fan et al. (2010) , the changes in vertical velocity v-a reasonable measure of the monsoonal circulation-may be interpreted as a balance between various competing processes. In response to greenhouse warming, the diabatic heating rate J tends to increase and the monsoonal trough deepens. As the warming is greater over the Indian subcontinent than the Indian Ocean, we may expect that the intensified land-ocean thermal gradient leads to increased monsoonal circulation. Moreover, the increased convective latent heating associated with enhanced monsoonal precipitation, which in turn is due to increased moisture content in the warmer climate, may further increase the diabatic heating rate J in the region of the rising limb of the circulation. This further strengthens the ascending motion (2v) and the associated monsoonal circulation. On the other hand, this increased midtropospheric latent heating released over the rising limb of the monsoonal circulation may induce an increase in the lower-(middle-) level dry static stability S p , thus suppressing the upward motion 2v and the monsoonal circulation. These competing mechanisms provide a plausible explanation for the decoupling of the monsoonal circulation and precipitation trends in an anthropogenic global warming scenario.
b. Thermodynamic energy equation
The thermodynamic energy equation in isobaric coordinates can be expressed as
where u (m s 21 ) and y (m s 21 ) are the zonal and meridional velocity respectively, and other variables are as defined in section 2a. The local rate of change in temperature is governed by horizontal temperature advection [u(›T/›x) 1 y(›T/›y)], adiabatic cooling (2S p v), and diabatic heating from convective latent heat release and radiative effects (J). Let us assume that 1) the latent heat is released uniformly in the air column within a certain depth, 2) the radiative effects comprise both radiative cooling under clear-sky conditions and downward radiative forcing from clouds, and 3) the combined radiative effects of both clear-sky and cloud conditions can be parameterized with a Newtonian cooling approximation. Under these assumptions, we explicitly partition the diabatic heating term J into latent heating rate and Newtonian cooling in the column. The thermodynamic energy equation can then be written,
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) is the latent heating rate of the column per unit area.
Models, experiments, and methodology

a. Model simulation details
The climate model simulations examined in this study are taken from a suite of experiments using state of the art coupled atmosphere-ocean general circulation models (AOGCMs) developed and run by leading modeling centers around the world. In the 720-ppm stabilization (SRES A1B) CMIP3 experiments, each model simulation is initialized using the end of the historical (20C3M) simulations and subsequently subject to forcing by the SRES A1B future emission scenario. The key assumptions for SRES A1B scenario can be summarized as (i) a more integrated future world of rapid economic growth, (ii) low global population growth, (iii) quick spread of new and efficient technologies, and (iv) economic and cultural convergence with a substantial reduction in regional differences (Nakićenović et al. 2000) . The two main anthropogenic forcings, greenhouse gases, and sulfate aerosols, which may have had opposing impacts on historical trends in the SASM (see e.g., Fan et al. 2010) , exhibit very different trends in the SRES A1B scenario. While the estimated CO 2 radiative forcing increases continuously from the end of the twentieth century to the end of the twenty-first century, direct radiative forcing by sulfate aerosols only increases through 2020 and then gradually declines to the end of the twenty-first century. The total radiative forcing from greenhouse gases and both direct and indirect aerosol forcing produces a consistent increasing trend throughout the end of the twenty-first century (see appendix II of Houghton et al. 2001 ). This projected anthropogenic forcing pathway suggests increasing dominance of greenhouse gas over sulfate aerosol forcing over the course of the A1B simulations.
b. Diagnosis of monsoon influences
We employ the same formalisms for defining the SASM circulation and precipitation used in previous studies (Fan et al. 2009 (Fan et al. , 2010 . In particular, we employ a so-called integrative monsoon index (IMI), based on the leading pattern common to a suite of relevant atmospheric fields (sea level pressure, vertical shear of zonal wind, and vertical shear of meridional wind) to define the strength of the SASM circulation (details can be found in Fan et al. 2009 ). Positive IMI anomalies, which represent stronger monsoonal circulation, are associated with a broad negative sea surface pressure anomalies over South Asia, positive vertical shear of the zonal wind anomalies over the region 58-208N, 408-1108E, and a tripolar structure in the vertical shear of the meridional wind anomalies. In fact, the IMI defined by application of our approach to the National Centers for Environmental Prediction (NCEP) reanalysis data is significantly correlated with each of three existing SASM measures [Webster and Yang index (Webster and Yang 1992) ; Monsoon Hadley index (Goswami et al. 1999) ; and allIndia monsoon rainfall index (Parthasarathy et al. 1992) ] at the two-sided p 5 0.01 level (r 5 0.528, 0.402, and 0.443, respectively) during the latter half of the twentieth century. We applied two metrics of SASM precipitation, which include boreal summer [June-August, (JJA)] rainfall averaged over (i) the Indian subcontinent only (Parthasarathy et al. 1992 (Parthasarathy et al. , 1994 and (ii) a broader South Asian region (8.58-308N, 658-1008E) (Dairaku and Emori 2006) .
For the purpose of diagnosing the relative roles of different factors governing the strength of the SASM circulation, we produced correlation maps based on regressing the SASM circulation index (i.e., IMI) against three JJA mean monsoon-related fields: dry static stability measured by S p , midtropospheric latent heating, and vertical velocity v over the region (08-608N, 408-1058E) (we estimated the midtropospheric latent heating based on the assumption that precipitation is associated with deep convection and that all condensed precipitable water falls out as precipitation). These analyses were performed at the surface level for precipitation and at three tropospheric pressure levels [i.e., lower (850), middle (500), and upper (300 hPa) levels] for the dry static stability (S p ) and the vertical velocity (v). To reduce the impact of small-scale spatial features in the precipitation and v fields, we smoothed both fields before further analysis [these fields were spatially averaged over blocks of 25 gridboxes for high-resolution models, e.g., Community Climate System Model, version 3 (CCSM3), MIROC3.2(hires), and 9 gridboxes for medium-resolution models, e.g., Canadian Centre for Climate Modelling and Analysis (CCCma) Coupled General Circulation Model, version 3.1 (CGCM3.1) (T63), and Centre National de Recherches Météorologiques Coupled Global Climate Model, version 3 (CNRM-CM3)].
c. Thermodynamic energy budget calculations
The time-averaged thermodynamic energy equation can be written,
where the overbar denotes a time average over some specified interval. To investigate the relative contribution of each of these terms to trends in the SASM, we consider the differences between an appropriately chosen ''late'' and ''early'' interval:
In this equation [(6)] , the changes in the products between mean and perturbation [i.e., d(S p v9) and d(S p 9v)] and the change in the product between perturbations [i.e., d(S p 9v9)] have been ignored. In the calculations conducted later in section 4c, the change in the local rate of change in temperature is at least an order of magnitude smaller than the changes in the other terms and can therefore be neglected [d(›T/›t) ' 0]. In the NCEPNational Center for Atmospheric Research (NCAR) reanalysis, the difference in this term between the last 10 yr and first 10 yr of 1948-2000 interval averaged over three pressure levels is only 4.503 3 10 28 K s
21
, far smaller than the changes in other terms that are of the order 10 26 or 10 27 K s
. We further assume that 1) latent heat is released uniformly between 850 and 300 hPa within an approximate column depth of 8.5 km, and 2) the radiative relaxation time scale is approximately 30 days with a range from 20 to 40 days, and accordingly the value of g is 1/30 with an uncertainty range from 1 /40 to 1 /20.
Analysis of modeled SASM behavior
a. Trends in SASM circulation and precipitation Figure 1 illustrates the distribution of trends in SASM circulation and precipitation in the A1B twenty-firstcentury projections. SASM circulation is measured by the IMI, while precipitation is measured by JJA mean precipitation averaged both over the Indian subcontinent (Figs. 1a, b) and larger South Asian region (Figs. 1c,d ). Results are shown both for the 23 models (where multiple realizations of a given model are averaged to yield a single best estimate-Figs. 1a,c) and all 51 simulations (Figs. 1b,d ). In addition, by averaging over all models and simulations, the ensemble mean of the trends in IMI and the SASM precipitation (large green square) is provided for comparison.
By comparison with the large spread seen in the historical (20C3M) simulations (see Fig. 3 in Fan et al. 2010) , the trends for the A1B projections show a far more consistent tendency toward a weakened SASM circulation and increased SASM precipitation (this is evident from the clustering of the simulations in the upper-left part of the four panels). Moreover, unlike the 20C3M simulations, there is far greater consistency among multiple realizations of the same model [e.g., CCSM3, MIROC3.2(medres), etc], suggesting that, unlike the historical period, the forced signal dominates over the role of internal variability. All of 10 (8 out of 10) models with multiple realizations show consistent trends in the IMI (Indian precipitation) in SRES A1B projections versus only 2 out of 10 (4 out of 10) in 20C3M simulations.
The ensemble mean over all models and simulations indicates a weakening SASM circulation (i.e., negative trend in IMI) and increasing SASM precipitation. Here, 15 out of 23 models (Fig. 1a) (39 out of 51 realizations; Fig. 1b ) exhibit a decreasing trend in the IMI, with trends significant at the two-sided p 5 0.05 level for 21 of the realizations. SASM precipitation shows an increasing trend for 14 (Fig. 1a ) and all 23 (Fig. 1c) models, using the average over the Indian subcontinent and larger South Asian region, respectively. These conclusions hold for 39 (Fig. 1b) and all 51 realizations (Fig.  1d) , respectively. These trends are statistically significant at the two-sided p 5 0.05 level for 27 and 40 of the 51 realizations respectively. That 12 realizations show increasing precipitation over the broader SASM region while showing decreasing precipitation over India indicates the importance of trends in surrounding regions. For example, the increased precipitation over the south Arabian Sea, the south and east Bay of Bengal, and the North Indian Ocean effectively offsets the decreased precipitation concentrated over northeast India in Commonwealth Scientific and Industrial Research Organisation (CSIRO) models. It is also important to note that in spite of the quite different or even opposite trends in the SASM circulation and SASM-related precipitation for each model realization, all but a very few [e.g., MIROC3.2(hires) and MIROC3.2(medres)] of these model simulations indicate highly significant positive correlations between the IMI and the summer monsoon precipitation averaged over both Indian subcontinent and broader South Asian region (Table 1 ) . This observation suggests that monsoon circulation and precipitation are closely related on interannual time scales.
b. Patterns of monsoonal influence on atmospheric variables
Patterns of monsoonal influence on various atmospheric fields were determined by computing correlation maps of these fields against the IMI. These analyses were performed for seven climate models classified as ''best performing'' (see Table 2 ) with respect to their ability to reproduce the observed climatological mean state and interannual variability of the SASM as measured by Indian precipitation (Fan et al. 2010) . As varying realizations of the same model showed similar patterns (with the notable exception of one realization of GISS-EH), it suffices to examine the patterns for a representative realization of each model (see Table 2 ). Because of the The dry static stability patterns for CCSM3 indicate that positive IMI anomalies (i.e., strengthened SASM circulation) are associated with increased low-level (i.e., 850 hPa) dry static stability over most parts of the Indian subcontinent and the western part of the Bay and Bengal, increased midlevel (i.e., 500 hPa) dry static stability over the Arabian Sea, decreased midlevel dry static stability in central India, and decreased upper-level (i.e., 300 hPa) dry static stability over South Asian lands and surrounding oceans (Fig. 2a) . Generally similar patterns are found for CGCM3.1 (T63) and CNRM-CM3 (Figs.   3a and 4a) . However, the positive impact on dry static stability is greater, extending to all of India in the lower troposphere. According to Student t test, the correlation coefficient r 5 0.257 (sample size N 5 100) is statistically significant at two-tailed p 5 0.01 level. Regions where Similar results are also found for the two GISS models (i.e., GISS-EH and GISS-ER) with certain notable exceptions. In one realization of GISS-EH, positive IMI anomalies are associated with increased low-level dry static stability over only north India, increased midlevel dry static stability over north India and the northern part of the Arabian Sea, and decreased upper-level dry static stability over South Asia (Fig. 5a) . Similarly, for one realization of GISS-ER, positive IMI anomalies are associated with increased low-level dry static stability over a small region over east India and the east coast of India (not shown).
The patterns of influence on dry static stability are quite different for the MIROC3.2 models [i.e., MIROC3.2(hires) and MIROC3.2(medres)]. There are only very slight and barely discernible positive correlations between the IMI and low-level dry static stability over a small area in central India, and negative correlations appear almost over the entire SASM region throughout all three tropospheric pressure levels (Fig. 6a) . 
2) PRECIPITATION AND CONVECTIVE LATENT
HEATING
The precipitation (and latent heating) patterns for CCSM3 indicate that positive IMI anomalies are accompanied by enhanced precipitation over most parts of India except for a small area in the northeast, the eastern part of the Arabian Sea, and the Bay of Bengal (Fig. 2b) . In CGCM3.1 (T63) and CNRM-CM3, increased precipitation associated with positive IMI anomalies are still evident over most parts of the Indian subcontinent, some parts of the Arabian Sea and the Bay of Bengal, 
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but are also seen over the central and eastern North Indian Ocean (Figs. 3b and 4b ). Comparing Figs. 2b, 3b, and 4b with Figs. 2a, 3a, and 4a, we find that positive IMI anomalies are associated with increased precipitation over most parts of India and some parts of the Bay of Bengal that coincide with increased low-level dry static stability, implying that increased midtropospheric latent heating leads to stabilization of the lower troposphere. GISS-EH (GISS-ER) patterns show intensified precipitation and correspondingly increased midtropospheric latent heating associated with positive IMI anomalies over almost the entire India, the Arabian Sea (the eastern and northern part of the Arabian Sea), and the western and northern part of the Bay of Bengal (the Bay of Bengal), and decreased precipitation over the North Indian Ocean (Fig. 5b and not shown) . Again, the increased low-level dry static stability associated with positive IMI anomalies evident in Fig. 5a , though constrained to a smaller region than that the other models discussed previously, might also be induced by increased midtropospheric heating but competes with the latent heating to determine the monsoon circulation.
In MIROC3.2(hires), there are significant (moderate) positive correlations between the IMI and precipitation over the Bay of Bengal (the northern India and the Arabian Sea), but negative correlations over the southern tip of the Indian subcontinent and the North Indian Ocean (Fig. 6b) . Similar patterns are also found for MIROC3.2(medres), but the positive correlations are much less significant (not shown). According to the correlation patterns of low-level dry static stability against IMI shown earlier in Fig. 6a , the possible increased dry static stability accompanied by positive IMI anomalies over parts of India might also be induced by intensified midtropospheric latent heating over those regions.
In summary, our analysis of the variations in the precipitation and dry static stability associated with the IMI anomalies in these seven model realizations indicate that, on interannual time scales, the convective heating effect dominates over the dry static stability effect to determine the strength of the SASM circulation.
3) VERTICAL VELOCITY
We would expect that the vertical velocity, indicative of the strength of the ascending and descending branch of the circulation, changes in the same way as the monsoon circulation. For these vertical velocity changes to be consistent with convectively induced changes in the static stability, increased vertical velocity (weaker subsidence/ stronger ascent, blue) should coincide with increased convection (red) and decreased static stability (blue).
Positive IMI anomalies in CCSM3 are associated with increased low-level vertical velocity (i.e., negative v anomalies, ascent) in central India, over the west coast of the Indian peninsula, some parts of the Arabian Sea, and the Bay of Bengal, and increased mid and upperlevel vertical velocity over most parts of India, the Arabian Sea, and the Bay of Bengal, except for a small region in northeast India (Fig. 2c) . It is important to note that these mid-and upper-level vertical velocity patterns resemble precipitation patterns associated with IMI anomalies (Fig. 2b) , confirming that strengthened rising motion coincides with increased precipitation (e.g., Riehl and Malkus 1958) . Similar conclusions regarding IMI-related vertical velocity patterns and precipitation patterns apply to the CGCM3.1 (T63) and CNRM-CM3 simulations, though the patterns differ in their details (Figs. 3c and 4c) . Despite the increased low-and midlevel dry static stability over certain regions over South Asia described in section 4b.1 (Figs. 2a, 3a , and 4a), the increased mid-and upper-level upward motion over most parts of the South Asia associated with positive IMI anomalies further confirms that, on interannual time scales, the latent heating plays the predominant role over the dry static stability to determine the strength of the SASM circulation.
The low-and midtropospheric vertical velocity patterns for GISS-ER depict a distinct zonally oriented reversal of the vertical motion tendency around 108N with negative anomalies to the north and positive anomalies to the south, indicating the intensified rising motions over the Indian subcontinent, the Arabian Sea, and the Bay of Bengal, and the strengthened subsidence in the North Indian Ocean in accordance with increased monsoon circulation (not shown). This broadly zonal pattern is very similar to the spatial pattern of the precipitation tendency at these latitudes (not shown). Although the separation between the positive and negative anomalies in GISS-EH is not as clearly defined as that shown in GISS-ER, we could still distinguish strong ascending motion anomalies north of 108N and weak subsidence anomalies over the North Indian Ocean (Fig.  5c) . The patterns for MIROC3.2(hires) are to some extent similar to that in these two GISS models, with upward motion anomalies over most parts of Indian, the Arabian Sea, and the Bay of Bengal, and subsidence anomalies over east and west equatorial Indian Ocean (Fig. 6c) .
c. Thermodynamic energy budget over South Asia
For the purpose of quantitatively evaluating the thermodynamic energy budget of the SASM, we calculated the mean and changes in different terms in the thermodynamic energy equation during the summer monsoon season (JJA; Tables 3-5) averaged over part of the South Asian region (108-208N, 608-908E); this region includes the southern Indian subcontinent, southeastern Arabian Sea, and the southwestern Bay of Bengal (Fig. 2b) .
We first applied this thermodynamic energy budget analysis to the NCEP-NCAR reanalysis during the latter half of the twentieth century, and then compared the results with that from the seven CMIP historical (20C3M) simulations depicted in Figs. 2-6 over the same time interval as the reanalysis (Table 3 and 4). The convective heating term (Q c /rhc p ) and adiabatic cooling term (2S p v) have the same order of magnitude in these model simulations as in the reanalysis, though underestimated in GISS model realizations.
In the NCEP-NCAR reanalysis, the changes in different terms (i.e., changes in horizontal temperature advection term, two adiabatic terms, convective heating term, and radiative cooling term) averaged over three tropospheric pressure levels exhibit a reasonably good balance. Though the changes in each term are quite different in the seven simulations compared to that in NCEP-NCAR reanalysis in terms of both sign and magnitude, they come to balance in different ways (Table 4) . It is important to note that since the daily data is not available over the continuous time intervals applied for this study in 20C3M and SRES A1B simulations (e.g., the daily data are only available over separated time slots in SRES A1B scenario such as 2046-65, 2081-2100, etc.), the horizontal advection terms cannot be calculated directly from the daily data of temperature and horizontal wind in the model simulations. Even without considering the horizontal temperature advection term, however, the changes in other terms in the NCEP-NCAR reanalysis still reach a fairly good balance. Therefore, we estimated changes in the temperature advection TABLE 3. The means of different terms in the thermodynamic energy equation applied to the NCEP-NCAR reanalysis and seven CMIP3 historical (20C3M) simulations during the second half of the twentieth century. Spatial averages are computed over part of the South Asian region of 108-208N, 608-908E. Shown are results for lower (850 hPa), middle (500 hPa), and upper (300 hPa) atmospheric pressure levels, and the average over all three levels (in boldface).
Models/observations
Pressure levels terms for each of these seven SRES A1B simulations as a residual of the other terms calculated directly from these simulations. In SRES A1B scenario, all seven simulations from the seven selected models show the increased dry static stability during the last 10 yr compared to the first 10 yr of the twenty-first century (Table 5) . For the six simulations indicating significant decreasing trend of the IMI, all but one case [MIROC3.2(medres)] exhibit decreased upward motion over this region. It is worth asking whether the convective heating term [d(Q c /rhc p )] decreases or increases by a relatively small amount compared to the increased adiabatic term (2vdS p ) in these five simulations in accordance with decreased upward motion (i.e., decreased adiabatic term 2S p dv). Indeed, two of the simulations (CCSM3 and GISS-ER) indicate a decreased convective heating term, which means that the decreased convective heating and the increased dry static stability work together in consistency with the decreased rising motion. Though the convective heating term has also increased in the other two of these five simulations ], the increasing magnitude is smaller than that of the adiabatic term 2vdS p [e.g., the increase of the convective heating term averaged over three pressure levels is about 53% and 70% of that of the adiabatic ascent/subsidence term 2vdS p in CNRM-CM3 and MIROC3.2(hires), respectively], indicating that the effect of dry static stability wins over the effect of the convective heating in accordance with the weakening of the ascending motion and the monsoon circulation.
One exception is a realization of GISS-EH showing that, in spite of a greater increase in convective heating d(Q c /rhc p ) (1.099 3 10 26 K s
21
) than the increase in ). In the simulation from CGCM3.1 (T63), the only one showing strengthened SASM circulation among seven selected models, the magnitude of the increased convective heating d(Q c /rhc p ) (7.566 3 10 26 K s
) is more than 2.5 times the increase in 2vdS p (2.636 3 10 26 K s 21 ), implying that the impact of the convective heating overwhelms the influence of the increased dry static stability, consistent with the increased ascending motion and monsoon circulation.
Because of the uncertainty in the magnitude of the changes in the radiative cooling term (depending on the choice of g), there is a corresponding range of the changes in the temperature advection term estimated as the residual in the model simulations. Within the range of g from 1 /40 to 1 /20, the changes in the temperature advection term calculated as the residual are consistently smaller than either of the changes in the two adiabatic terms in five of the seven simulations [i.e., CCSM3, CGCM3.1 (T63), CNRM-CM3, MIROC3.2(hires), and MIROC3.2(medres)], or smaller than the changes in at least one of the two adiabatic terms in the other two simulations (i.e., GISS-EH and GISS-ER) in this SRES A1B scenario (Table 5 ). This thermodynamic energy budget analysis applied to SRES A1B simulations suggests that, in general, the SASM IMI trend can be interpreted as the common effects of an increase (a decrease) in convective heating and an increase in dry static stability. However, a caveat for this analysis is that the changes in horizontal temperature advection term may not be negligible depending on the choice of g. Given future model outputs with daily data available, it will be possible to recalculate the horizontal temperature advection term precisely to refine our conclusions.
d. SASM-ENSO relationship
Given that ENSO is a crucial factor influencing yearto-year fluctuations in the SASM over the historical era, it is important to consider the projected changes in ENSO and their relationship with changes in the SASM. 14), respectively.] On the other hand, a majority of the 15 models that best capture the observed interannual relationship between ENSO and the SASM (i.e., which exhibit significant anticorrelation between the IMI and niñ ograd at interannual time scales) project changes in SASM consistent with the projected changes in ENSO. Eleven of these 15 models display El Niñ o-trending (La Niñ a-trending) simulations behavior in association with weakened (strengthened) SASM circulation. Thus, in those models that appear to capture the observed ENSO-SASM relationship most faithfully, changes in ENSO do appear to be playing some role in the projected changes in the SASM circulation.
Conclusions
Simulations of the SASM in a set of coupled AOGCMs show a clear tendency for both a weakening SASM circulation and increasing SASM precipitation in the projected response to twenty-first century anthropogenic greenhouse gas emissions. Trends are far more consistent for the projected behavior over the twentyfirst century than they are for the retrospective historical simulations analyzed in previous work (Fan et al. 2010) .
We find that two competing factors on monsoonal circulation (i.e., convective latent heating and dry static stability) appear to vary in prominence on different time scales. Regressing an index of monsoonal circulation FIG. 7 . Trends in the SASM circulation and precipitation as in (a) Fig. 1b and (b) Fig. 1d , but distinguishing models that project a more El Niñ o-like mean state (black circles) from those that project a more La Niñ a-like mean state (red squares) for the 23 models (44 realizations) for which ENSO mean state changes have been diagnosed.
(IMI) onto atmospheric fields, and focusing on seven representative models, we find that, on interannual time scales, all but one model [MIROC3.2(medres)] displays intensified midtropospheric latent heating and increased low-and midlevel dry static stability over India and surrounding oceanic regions in conjunction with a stronger SASM circulation (the detailed regional patterns are model dependent). These observations indicate that convective heating dominates over impacts of dry static stability. As regions of increased precipitation generally correspond to regions of increased low-level dry static stability with positive IMI anomalies, we may ascribe this increase in the dry static stability to the extra midtropospheric latent heat release.
On longer time scales, we find evidence for a different balance among terms in the thermodynamic energy equation. In all but one case (GISS-EH), we observe an approximate balance between the contributions of dry static stability, convective heating, and vertical velocity. Irrespective of trends in the convective heating, we observe an increase in dry static stability in all seven model simulations. This leaves two possibilities: 1) the increase in convective heating is greater (smaller) than the increase in adiabatic ascent (subsidence) to affect changes in dry static stability in accordance with a strengthened (weakened) monsoonal circulation, or 2) the convective heating decreases accompanied by the increased dry static stability for the further decrease in monsoonal circulation strength.
Our findings with regard to projected trends in SASM circulation and precipitation are generally consistent with conclusions from a number of previous studies of the response of the SASM to anthropogenic greenhouse forcing. We observe that while increased SASM precipitation accompanies a strengthened SASM circulation on interannual time scales, there is an apparent decoupling of the long-term monsoon precipitation and circulation trends. This decoupling is associated with distinct changes in moisture and mass convergence that take place in an increasingly warmer atmosphere with enhanced moisture content. Projected changes in ENSO also appear to be playing some role in the projected changes in SASM circulation, particularly in those models that best capture the observed interannual relationship between the two phenomena.
